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 Proppant transport has become a significant concern in hydraulic fracturing treatments as 
slickwater fluid systems have become the norm in the industry. In traditional designs, a cross-
linked, highly viscous fluid was more than enough to suspend proppant until it was placed into 
the fracture. This is not the case in a slickwater fluid system, and proppant transport in these thin, 
low viscosity fluid systems is not entirely understood to the extent that it is in viscous fluids.  
 This research provides understanding into how the specific gravity, or density, of a 
proppant plays into how it is transported in complex fracture networks using a thin fluid. 
Additionally, how easily the proppant is able to enter secondary and tertiary fractures in the 
network is demonstrated. A lab-scale fracture network setup is used in this work with similar 
tests conducted using proppants of varying densities. Predictably, lower density proppants are 
generally transported better throughout the fracture network, but the size of the particles inside 
the secondary and tertiary fractures tend to be on the finer spectrum of the proppant grade as 
these smaller particles are transported further into the fractures. All proppants examined in this 
work, except one, required a fully developed turbulent flow regime to adequately transport 









TABLE OF CONTENTS 
ABSTRACT ................................................................................................................................... iii 
LIST OF FIGURES ....................................................................................................................... vi 
LIST OF TABLES ...........................................................................................................................x 
LIST OF SYMBOLS ..................................................................................................................... xi 
ACKNOWLEDGEMENTS ......................................................................................................... xiii 
CHAPTER 1 INTRODUCTION .....................................................................................................1 
1.1  Background  .............................................................................................................2 
1.2  Research Motivation  ...............................................................................................5 
1.3  Research Objectives .................................................................................................6 
1.4  Research Contribution .............................................................................................8 
CHAPTER 2 LITERATURE REVIEW ..........................................................................................9 
2.1  Basic Fluid Mechanics .............................................................................................9 
2.2  Turbulent and Laminar Flow Regimes ..................................................................10 
2.3  Stokes’ Law ...........................................................................................................13 
2.4  Experimental Studies .............................................................................................18 
2.5  Bernoulli’s Principle ..............................................................................................20 
2.5  Flow Channel Experiments ....................................................................................22 
CHAPTER 3 LABORATORY EXPERIMENTAL SETUP AND PARAMETERS ....................24 
v 
 
3.1  Scaling Considerations...........................................................................................28 
3.2  Complex Slot Flow Computational Fluid Dynamics (CFD) Model ......................31 
CHAPTER 4 LABORATORY EXPERIMENTAL RESULTS ....................................................37 
4.1 Proppant Volumes Exiting Fractures .....................................................................39 
4.2  Sieve Analysis of Samples .....................................................................................45 
4.2.1 Sieve Analysis of High Density (HD) Ceramic Proppant .........................47 
4.2.2 Sieve Analysis of Lightweight (LW) Ceramic Proppant ...........................48 
4.2.3 Sieve Analysis of Natural White Sand.......................................................48 
4.2.4 Sieve Analysis of Ultra-Lightweight (ULW) Ceramic Proppant ..............53 
4.2.5 Sieve Analysis of Polymer Proppant .........................................................57 
4.2.6 Sieve Analysis of 30/50 Hydrophobic Sand and Regular 100               
Mesh Sand  .................................................................................................61 
4.3  Equilibrium Dune Heights .....................................................................................62 
4.4  Discussion of Experimental Results ......................................................................67 
4.4.1 Experimental Limitations and Sources of Error ........................................67 
4.4.2 Proppant Variations ...................................................................................68 
CHAPTER 5 CONCLUSIONS AND FUTURE WORK ..............................................................69 
3.1  Conclusions ............................................................................................................69 





LIST OF FIGURES 
Figure 1.1 Sand duning effect (Kostenuk and Browne 2010) ...................................................4 
Figure 1.2 Proppant distribution comparison inside a fracture .................................................4 
Figure 1.3 Proppants used in this research ................................................................................7 
Figure 2.1 Sand settling in 1.0 cp fluid (from Barree and Conway 1994) ..............................15 
Figure 2.2 Calculated settling rates of 250 micron particles in 1 cp fluid at various 
   concentrations ........................................................................................................17 
Figure 2.3 Calculated and observed settling rates in 55 cp PEG fluid (Barree and 
Conway 1994) ........................................................................................................19 
Figure 2.4 Proppant settling in large clumps in 6 gpt HVFR (Drylie et al. 2018) ..................19 
Figure 2.5 Velocity profiles of laminar and turbulent flow regimes (Vennard and Street 
1982) ......................................................................................................................21 
Figure 2.6 Lateral distribution of low concentration particles in slot flow (Barree and  
 Conway 1994) ........................................................................................................21 
Figure 2.7 CSM flow channel simulating complex fracture network .....................................22 
Figure 3.1 Batch mixer configuration .....................................................................................24 
Figure 3.2 Pump and slot flow tank configuration ..................................................................25 
Figure 3.3 Complex slot configuration with flow paths ..........................................................26 
Figure 3.4 Proppant settling out at the exit points of fracture network in the main tank ........27 
Figure 3.5 Slot flow tank with isolation panels installed ........................................................28 
Figure 3.6 50-gram samples of various proppant in graduated cylinder .................................30 
vii 
 
Figure 3.7 CFD model of top view of complex slot configuration .........................................32 
Figure 3.8 CFD model results of 5 GPM flow rate through model fracture network .............33 
Figure 3.9 Close-up of velocity streamlines entering R1 fracture (outlet 1) at 5 gpm ............34 
Figure 3.10 Close-up of velocity streamlines entering L1 fracture (outlet 2) at 5 gpm ............34 
Figure 3.11 Close-up of velocity streamlines entering R2 fracture (outlet 3), and remaining  
  streamlines that would exit main fracture (outlet 4) ..............................................35 
Figure 4.1 Proppant transport at 2.5 gpm, volume fraction 0.038 (1 ppg sand equivalent) ....40 
Figure 4.2 Proppant transport at 2.5 gpm, volume fraction 0.074 (2 ppg sand equivalent) ....40 
Figure 4.3 Proppant transport at 2.5 gpm, volume fraction 0.107 (3 ppg sand equivalent) ....41 
Figure 4.4 Proppant transport at 5 gpm, volume fraction 0.038 (1 ppg sand equivalent) .......41 
Figure 4.5 Proppant transport at 5 gpm, volume fraction 0.074 (2 ppg sand equivalent) .......42 
Figure 4.6 Proppant transport at 5 gpm, volume fraction 0.107 (3 ppg sand equivalent) .......42 
Figure 4.7 Proppant transport at 10 gpm, volume fraction 0.038 (1 ppg sand equivalent) .....43 
Figure 4.8 Proppant transport at 10 gpm, volume fraction 0.074 (2 ppg sand equivalent) .....44 
Figure 4.9 Proppant transport at 10 gpm, volume fraction 0.107 (3 ppg sand equivalent) .....44 
Figure 4.10 Comparison of CFD Volume distribution to polymer proppant distribution in  
  fracture network .....................................................................................................45 
Figure 4.11 Original sieve distribution of proppant samples ....................................................46 
Figure 4.12 Sieve distribution of HD ceramic proppant before and after testing, at 1 gpm     
  and Cv = 0.038 .......................................................................................................47 
Figure 4.13 Sieve distribution of LW ceramic proppant before and after testing at the     




Figure 4.14 Sieve distribution of sand before and after testing at 2.5 gpm and Cv = 0.038 .....49 
Figure 4.15 Sieve distribution of sand before and after testing at 2.5 gpm and Cv = 0.074 .....49 
Figure 4.16 Sieve distribution of sand before and after testing at 2.5 gpm and Cv = 0.107 .....50 
Figure 4.17  Sieve distribution of sand before and after testing at 5 gpm and Cv = 0.038 ........50 
Figure 4.18  Sieve distribution of sand before and after testing at 5 gpm, and Cv = 0.074 .......51 
Figure 4.19  Sieve distribution of sand before and after testing at 5 gpm and Cv = 0.107 ........51 
Figure 4.20  Sieve distribution of sand before and after testing at 10 gpm and Cv = 0.038 ......52 
Figure 4.21  Sieve distribution of sand before and after testing at 10 gpm and Cv = 0.074 ......52 
Figure 4.22  Sieve distribution of ULW ceramic samples before and after testing at 2.5    
gpm and Cv = 0.074 ...............................................................................................53 
Figure 4.23  Sieve distribution of ULW ceramic samples before and after testing at 5 gpm    
  and Cv = 0.038 .......................................................................................................54 
Figure 4.24  Sieve distribution of ULW ceramic samples before and after testing at 5 gpm   
and Cv = 0.074 .......................................................................................................54 
Figure 4.25  Sieve distribution of ULW ceramic samples before and after testing at 10 gpm     
and Cv = 0.038 .......................................................................................................55 
Figure 4.26  Sieve distribution of ULW ceramic samples before and after testing at 10 gpm  
  and Cv = 0.074 .......................................................................................................55 
Figure 4.27  Normal duning effect of ULW ceramic proppant in secondary fractures at 2.5  
  gpm and Cv = 0.074 ...............................................................................................56 
Figure 4.28  Various bridging effects of ULW ceramic proppant at 10 gpm flow rate .............57 
Figure 4.29  Volume comparison of 50-gram sample of polymer proppant ..............................59 
ix 
 
Figure 4.30 Sieve distribution of polymer proppant samples before and after testing at 2.5  
  gpm and Cv = 0.074 ...............................................................................................60 
Figure 4.31  Sieve distribution of polymer proppant samples before and after testing at 5    
gpm and Cv = 0.038 ...............................................................................................60 
Figure 4.32 Sieve distribution of hydrophobic 30/50 mesh sand before and after testing at       
5 gpm and Cv = 0.038 ............................................................................................61 
Figure 4.33 Sieve distribution of 100 mesh (50/140 mesh size) sand before and after        
  testing at 5 gpm and Cv = 0.074 .............................................................................62 
Figure 4.34  (Left) Top view of camera position and view. (Center) Dune-building in   
  progress. (Right) Equilibrium dune height reached ...............................................63 
Figure 4.35 Top and bottom dunes created by polymer proppant.............................................65 
Figure 4.36 Flow rate vs. equilibrium dune height (many points overlap between sand,      
LW ceramic, and ULW ceramic) ...........................................................................65 
Figure 4.37 Proppant volume fraction vs. equilibrium dune height (multiple points of one  
  color at a given Cv indicate multiple proppant types run, different S.G.)..............66 
Figure 4.38 Proppant specific gravity vs. equilibrium dune height (multiple points on one   














LIST OF TABLES 
 
Table 2.1 Typical hydraulic fracturing field parameters........................................................11 
Table 2.2 Resulting Reynolds numbers calculated from Table 2.1 .......................................12 
Table 2.3 Reynolds numbers calculated from Table 2.1, with 125 ft fracture height ............12 
Table 2.4 Reynolds numbers calculated from Table 2.1, with 75 ft fracture height ..............13 
Table 2.5 Reynolds numbers calculated from Table 2.1, with 25 ft fracture height ..............13 
Table 3.1 Density characteristics of proppants used in testing ..............................................31 
Table 3.2 Laminar flow modeling results ..............................................................................32 
Table 3.3 Turbulent flow modeling results ............................................................................33 
Table 4.1 Test run matrix .......................................................................................................37 
Table 4.2 Test run summary and results ................................................................................38 
Table 4.3 Dry bulk density calculations ................................................................................39 
Table 4.4 Percentage floating of polymer proppant mass exiting fracture network ..............58 









LIST OF SYMBOLS 
 
Apparent Viscosity......................................................................................................................... µa 
Arbitrary Datum ............................................................................................................................ h,z 
Corrected Particle Settling Velocity .............................................................................................. Vc 
Fluid Density .................................................................................................................................... ρ 
Fluid Velocity .................................................................................................................................. ν 
Fluid Viscosity ................................................................................................................................ µ  
Fracture Width ................................................................................................................................ w 
High-Density (Ceramic Proppant) ............................................................................................... HD 
Hydraulic Diameter ....................................................................................................................... Dh 
Initial Viscosity .............................................................................................................................  µo 
Light-Weight (Ceramic Proppant) .............................................................................................. LW 
Liquid Density ................................................................................................................................ ρl 
Maximum Packing Volume Fraction of Spheres of Uniform Diameter ....................................... φm 
Particle Composition Constant ....................................................................................................... ke 
Particle Settling Velocity ............................................................................................................... Vs 
Reynolds Number .......................................................................................................................... Re 
Slurry Density ................................................................................................................................. ρf 
Solid Particle Density ..................................................................................................................... ρs 
xii 
 
Ultra Light-Weight (Ceramic Proppant) .................................................................................. ULW 
Volume Fraction of Liquid ............................................................................................................. cl 






 I would like to express my gratitude to my advisor, Dr. Jennifer L. Miskimins, for her 
help and support throughout this whole thesis process. I am also grateful for Dr. Hazim H. 
Abass, who helped get me started in the FAST Consortium, and advised me early on while I was 
formulating my proposal. A special thanks to Dr. Azra N. Tutuncu for being on my committee, 
and to Dr. William W. Fleckenstein, for filling in after her passing. 
 I would like to thank the folks at Badger Mining Corporation for the financial support 
during my time at Colorado School of Mines, and being flexible with my work schedule during 
those busier semesters. 
 I would like to thank all of the FAST Consortium members for the interest in this project, 
and for the feedback and discussion that was provided throughout the various stages of work.  
I would like to thank the proppant manufacturers, Badger Mining Corporation, Sun 
Specialty Products, and Carbo Ceramics, for donating the proppant used in these experiments. 
I would like to thank Joe Chen for all of the suggestions and discussion in the lab, and 
Denise Winn-Bower for her help in all other areas. 
I am especially thankful for my wife, Alla, and my children, Sophia, Kristina, and 
Ksenia, for all the love, support, and patience with me during this time I spent away from them 

















Dedicated to Mr. Gordon Thibodeaux, my boss, my mentor, and my friend, for taking a chance 
on me, teaching me the ropes in the proppant world, for pushing me to go back to school, for 









The abundance of unconventional shale resources in North America has changed the 
landscape of the oil industry in the U.S., as well as the rest of the world over the last few 
decades. Although hydraulic fracturing has been around since the 1940’s, it was not until the 
early 2000’s, when it really came to the forefront of oil and gas development when combined 
with horizontal drilling technologies and advancements (Economides and Nolte 1999; Weijers et 
al. 2019). This was a huge improvement over drilling multiple vertical wells to target the same 
volume of rock. In the early years of hydraulic fracturing, treatments were relatively small 
compared to today’s volumes of fluid and proppant being pumped. The traditional method of 
increasing the transportability of the proppant was to increase the viscosity of the fracturing fluid 
to increase its carrying capability, and to reduce the settling rate of the proppant.  
During this time, drilling techniques also evolved, and horizontal drilling became more 
and more popular in the industry. It was not until horizontal drilling was coupled with multistage 
hydraulic fracturing, that development of shale resources could be done in an economic fashion 
(Weijers et al. 2019). The recent downturn in the oil industry has shifted the focus to cost 
reduction and efficiency after many years of fast-paced growth in the various shale resource 
plays around North America. One of the biggest trends in the hydraulic fracturing industry has 
been the shift away from the traditional gelled and cross-linked fluid systems to a much more 
basic slickwater fluid system. Slickwater systems have a much lower chemistry cost, with only a 
few chemicals added in very small quantities. The cost savings from switching to slickwater 
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have been substantial, and now, a majority of the hydraulic fracturing treatments in the U.S. are 
done using a slickwater system, or a similar hybrid of slickwater and gelled fluid (Weijers et al. 
2019; Patel et al. 2014; Bybee 2009). A reduction in completion costs on the order of $400,000-
$600,000 has been reported in the Williston Basin, with an average increase in production of 
25%, based on one producer’s data (Geiver 2014). 
1.1 Background 
Slickwater fluid systems have several advantages over traditional gel fracs, beyond just 
cost savings. Many of the shales formations being targeted today have relatively low 
permeability when compared to conventional resources, and pumping gel into a formation with 
low permeability can cause irreparable formation damage (Weaver et al. 2003). The gelled fluid 
has a much larger chance of getting trapped in the low permeability rock. Gel cleanup in these 
situations is generally much lower than in traditional sandstone formations that have a much 
higher permeability.  
Another reason slickwater treatments have been adopted as the norm for tight oil and 
shale formations is their ability to create a complex fracture networks due to the low viscosity 
nature of the fluid, which helps the fluid enter micro-fissures created during treatment as well as 
the naturally occurring fractures in the formation previously created by geologic and tectonic 
events. A traditional gel frac, that can have a fluid viscosity nearing upwards of 1000 cp, will 
have a much harder time entering these micro-fractures, and has a tendency to create a bi-planar 
fracture, with little to no branching into the rock matrix to create a complex fracture network. 
The result is that the slickwater treatments create orders of magnitude more surface area that 
allow hydrocarbons to flow through the complex fracture matrix that would otherwise still be 
trapped. The problem arises in how to keep these complex fractures propped open for flow to 
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continue once the hydraulic fracturing treatment has finished pumping. The physical properties 
of traditional proppants do not lend themselves very well to “turning the corner” and entering 
secondary and tertiary fractures with the carrier fluid due to the large difference in density of the 
proppant and carrier fluid. Multiple branches in the rock also create more pathways for the fluid 
to flow, and ultimately, reduce the overall velocity of the fluid, which will cause the proppant to 
settle out faster. 
In spite of the benefits that slickwater treatments provide, there are several concerns that 
also come with it. Due to the low viscosity nature of slickwater treatments, the fluid has much 
less proppant transporting capability, and as such, the volume of fluid required to carry proppant 
down to the fracture and into the complex fracture network is much greater. Water usage has 
been the topic of contention for slickwater treatments in many areas. Water availability is also a 
concern in areas that do not have reliable source of water. Permitting and regulations on taking 
water from natural occurring features like lakes and rivers has created concern from various 
environmental organizations (Kondash et al. 2018). Even with the larger volume of fluid used, 
the proppant has a tendency to settle out from the fluid to the bottom of the horizontal well 
and/or fracture. As a result, this creates a sand bank, or dune, in the fracture near the wellbore 
that can reduce the fracturing treatment’s effectiveness.  
In longer laterals, there is an increased concern that the proppant will settle out in the 
wellbore itself, even before reaching the perforations. In extreme situations, the dune can cause 
screen-outs to occur, where the dune completely plugs up the fracture if there is not enough 
velocity in the fluid that is reaching the fracture. In general, screen-outs are a much bigger 
concern with slickwater treatments because of the fluid’s low viscosity. The fluid has a tendency 
to flow into the complex fracture network and even leak off into the rock matrix, which 
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ultimately reduces the velocity of the fluid traveling in the fracture, thus increasing the likelihood 
of sand settling and causing screenouts. Because of the settling effect, a large portion of the 
fracture created with slickwater remains unpropped, as shown in Figure 1.1, and can ultimately 
reduce the effectiveness of the fracture treatment. 
 
Figure 1.1: Sand duning effect (Kostenuk and Browne, 2010). 
Ideally, in a cross-linked gel system, the viscosity of the gel is able to transport and 
suspend the proppant throughout the entirety of the fracture until pumping stops, at which point 
the fracture closes on the proppant (Figure 1.2a). In slickwater systems, proppant settles as the 
treatment is still being pumped, and once pumping stops, the unpropped portion of the fracture 
closes, as shown in Figure 1.2b, resulting in a larger percentage of the fracture left unpropped 
and closed to the flow of hydrocarbons. 
   
     (a)          (b) 
Figure 1.2: Proppant distribution comparison inside a fracture: (a) Distribution with gelled and cross-
linked fluid; (b) Distribution with slickwater system (Warpinski 2009). 
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In order to reduce the settling effect in fractures, many companies transitioned to a 
smaller mesh size of proppant being used, since the settling rate of a particle is directly 
proportional to its size, according to Stokes’ Law (Vennard and Street 1982). This has helped to 
some extent, but even with finer mesh materials, settling still occurs. Using smaller mesh 
proppants also reduces the conductivity and permeability of the proppant pack, which can also 
reduce production, particularly, if the formation deliverability outpaces the fracture’s take-away 
capacity. This has led the proppant industry on a search for better and lighter materials to 
manufacture proppant, and new technologies to further reduce the proppant settling rates in 
slickwater systems.  
1.2 Research Motivation 
This research focuses on investigating current proppant technologies with varying 
densities and testing their effectiveness in being transported inside a fracture and into a complex 
fracture system in a laboratory setting. It also includes replicating the slot flow channel 
experiments previously conducted at the Colorado School of Mines with traditional proppants 
using various ultra-lightweight and lightweight proppants. This research determines the extent of 
the reduction in settling rates of ultra-lightweight and lightweight proppants, and their 
effectiveness in entering and propping up a complex fracture network. It also determines how 
much of a role the density of a particular proppant plays in proppant transportation through 
complex fracture networks. A better understanding of the proppant density effects on proppant 
transport may lead to better adoption of new proppant technologies that could lead to better 





1.3 Research Objectives  
 The results of previous slot flow experiments suggested running experiments with 
proppants of varying densities at a constant flow rate and concentration to observe the effect that 
the proppant material density had on the duning effect, and the proppant’s ability to enter the 
complex fracture network. This research expands on previous work and focuses on proppant 
density as the main parameter. The ranges of flow rates and proppant concentrations that are 
optimal for proppant transport into secondary and tertiary fractures based on the proppant’s 
density are determined. To achieve this, the following objectives were developed: 
 Run slot flow channel experiments on five proppants of varying densities, all 
with a 40/70 mesh size distribution, except for polymer proppant, which only 
comes in 30/80 mesh. Tests were run with natural sand as the baseline (S.G. of 
2.65 g/cm3), high strength ceramic proppant (S.G. of 3.62 g/cm3), lightweight 
ceramic proppant (S.G. 2.71 g/cm3), ultra-lightweight ceramic proppant (S.G. 
2.08 g/cm3), and ultra-lightweight polymer proppant (S.G. 1.08 g/cm3). Figure 
1.3 shows a close up of the proppants included in the study. 
 Compare test results with previous experimental results run with sand to 
determine if any correlations exist, specifically the threshold velocities that 
allow the proppant to "turn the corner" and more readily enter secondary, and 
tertiary fractures;  
 Determine the role that the density of a proppant plays in the transport of a 




     
    (a)      (b) 
     
(c)     (d) 
     
(e)  
Figure 1.3: Proppants used in this research include: (a) natural white sand (Badger Mining 
Corporation 2017); (b) high strength ceramic proppant (Carbo Ceramics 2017); (c) lightweight 
ceramic proppant (Carbo Ceramics 2017); (d) ultra-lightweight ceramic proppant (Carbo 







 Compare the results to existing transport correlations to determine if the 
correlations still hold true for lighter proppants, or if the correlations need to be 
updated to include ultra-lightweight and lightweight proppants. 
1.4 Research Contributions 
The proppant transportability of five proppants of various densities, ranging from 1.08 
g/cm3 to 3.62 g/cm3, and their varying degree of ability to enter and move through a complex 
fracture network was studied. The best proppant for transport in a complex fracture networks is 
identified, and the optimal concentration and flow rate for proppant transport was found. The 
results contribute to the body of knowledge by: 
 Delivering a better understanding of proppant transport in a complex fracture 
network; 
 Highlighting the effectiveness of ultra-lightweight proppants; and,  
 Studying proppant transportation of various density proppants and making 












In order to gain a better understanding of how proppant flows inside of a hydraulic 
fracture, a cursory understanding of fluid mechanics is needed. The three main ideas that are 
helpful in better understanding proppant transport include: laminar versus turbulent flow 
regimes, Stokes’ Law, and Bernoulli’s Principle. It is also important to look at all relevant 
proppant transport studies to garner useful information and insights gained in this area of study. 
2.1 Basic Fluid Mechanics 
The fluid inside a fracture can flow in either a laminar flow regime or a turbulent flow 
regime. A fluid in turbulent flow is much more likely to carry proppant farther due to the eddy 
currents occurring inside the fluid as it flows. A fluid flowing in laminar flow is much more 
likely to have proppant settle out towards the bottom of the fracture because the flow is uniform 
across the height of the fracture, and no eddy currents are present to give the particles any 
upward lift The flow regime of a given fluid system can be determined by finding the Reynolds 
number using Equation 2.1 (Vennard and Street 1982).  
𝑅𝑒 = 𝜌𝑣𝐷ℎ𝜇                                                                        (2.1) 
Where Re is the Reynolds number, ρ is the density of the fluid in kg/m3, v is the velocity 
of the fluid in m/s, µ is the viscosity of the fluid in kg/m·s, and Dh is the hydraulic diameter of 
the system in meters.  
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2.2 Turbulent and Laminar Flow Regimes 
The Reynolds number is a ratio of inertial forces to the viscous forces in the area of flow. 
Higher velocities equate to higher inertial forces in the flow, which equates to a higher Reynolds 
number and a turbulent flow regime. In lower velocity flows, the viscous forces have more of an 
effect on the system, and the result is a laminar flow regime (Vennard and Street 1982). A 
Reynolds number lower than 2,100 would indicate laminar flow, while a value higher than 4,000 
would indicate turbulent flow. A value in between 2,100 and 4,000 is considered a transitional 
flow regime, where either laminar flow or turbulent flow can occur, depending on various 
boundary conditions (Vennard and Street 1982). 
The hydraulic radius of a system can be found by taking the cross-sectional area of flow 
over the wetted perimeter. The hydraulic radius of a pipe is its cross-sectional area over its 
circumference, or D/4. Therefore, the hydraulic diameter is four times the area over the wetted 
perimeter (Vennard and Street 1982). In cases of rectangular ducts or pipe where the width is 
much smaller than the height, as in a fracture, the hydraulic diameter can be approximated as 
twice the fracture width. 
For hydraulic fracturing treatments using slickwater systems, turbulent flow is assumed 
in the wellbore and is usually the case, even at relatively slow pumping rates and high friction 
reducer loadings. In fact, a slickwater treatment with a viscosity of 10 cp, pumping down a 4-
inch diameter pipe at 20 bpm, still produces a Reynolds number just over 2,103, just over the 
critical Reynolds number. However, that assumption is not valid as soon as the fluid enters the 
fracture. Hydraulic fractures typically reach heights of several hundred feet, potentially even 
thousands of feet in some cases where there are no stress boundaries to contain height growth 
(Fisher and Warpinski 2012). Even at extremely high rates of 100 bpm or more, the fluid will 
11 
 
flow in a laminar flow regime because the cross-sectional flow area expands by several orders of 
magnitude once the fracturing fluid enters the fracture. Fracturing treatments in horizontal wells 
are usually pumped with multiple perforation clusters, which also reduces the volume of fluid 
going into each cluster/fracture, and further reduces the overall velocity of the fluid. Table 2.1 
shows an example of typical field parameters for a fracturing treatment, and Table 2.2 shows the 
resulting Reynolds numbers based on those parameters at various pumping rates and number of 
perforation clusters. Even in the best-case scenario for a typical fracture with a height of 250 feet 
with only one cluster or one point of entry, a low viscosity of 2 cp, and a low proppant 
concentration of 1.0 ppa, the Reynolds number does not reach a value to where turbulent flow is 
achievable. Having multiple entries and pumping at slower rates with higher loadings of friction 
reducer leading to higher viscosities would only reduce the Reynolds numbers further, as shown 
in Table 2.2.  
Table 2.1 Typical hydraulic fracturing field parameters 
Example Field Parameters 
Pump Rate   100 bpm 
   (561.5 ft
3/min) 
Frac Height  250 ft 
Frac Width  0.25 inches 
   (0.021 ft) 
      
Cross-Sectional Area 5.21 ft2 
Frac Perimeter   500.04 ft 
      
Fluid Density  8.33 ppg 
Proppant Conc.  1.0 ppa 
      
Slurry Density  8.95 ppg 



























0.49996 5 10.78 0.18 373 299 224 149 
0.49996 4 13.48 0.22 466 373 280 187 
0.49996 3 17.97 0.30 622 498 373 249 
0.49996 2 26.95 0.45 933 746 560 373 
0.49996 1 53.90 0.90 1866 1493 1119 746 
 
This abrupt change in cross-sectional area of flow changes the flow regime from 
turbulent flow inside the pipe, to laminar flow inside the fracture, and proppant begins settling 
out as soon as it enters the fracture and the laminar flow regime. Once the fracture height stops 
growing, and proppant continues to settle out, the cross-sectional area slowly begins to shrink as 
more and more proppant settles out, and restricts the area of flow. As pumping and proppant 
settling continues, the fluid velocity continues to increase due to the restricted area of flow, 
increasing the Reynolds number to a point where turbulent flow is possible once again, and 
proppant can once again be carried further into the fracture. This is very similar to the process 
that Kern et al. witnessed in their initial slot flow experiments in 1959, where the proppant 
pumped first settles out closer to the slot inlet, and proppant pumped later travels further into the 
slot (Kern et al. 1959). In the example scenario above, once the fracture is half way full of 
proppant, where the effective height is reduced by 50%, some of the Reynolds numbers enter 
into the transitional flow regime, where turbulent flow is possible, as shown in Table 2.3. 
As more and more of the fracture gets filled up by the proppant, turbulent flow becomes 
more and more likely. Tables 2.4 and 2.5 show the progression for Reynolds numbers as the area 
of flow becomes more and more restricted, down to 75 ft of fracture height, and down to 25 ft of 
fracture height, respectively. Once turbulent flow is possible in the fracture, the chances of 
proppant being transported further into the fracture become more likely. 
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0.49992 5 21.56 0.36 746 597 448 299 
0.49992 4 26.95 0.45 933 746 560 373 
0.49992 3 35.94 0.60 1244 995 746 498 
0.49992 2 53.90 0.90 1866 1493 1119 746 
0.49992 1 107.81 1.80 3731 2985 2239 1493 
 























0.49986 5 35.94 0.60 1244 995 746 497 
0.49986 4 44.92 0.75 1555 1244 933 622 
0.49986 3 59.89 1.00 2073 1658 1244 829 
0.49986 2 89.84 1.50 3109 2487 1865 1244 
0.49986 1 179.68 2.99 6218 4975 3731 2487 
 























0.49958 5 107.81 1.80 3729 2983 2237 1492 
0.49958 4 134.76 2.25 4661 3729 2797 1864 
0.49958 3 179.68 2.99 6215 4972 3729 2486 
0.49958 2 269.52 4.49 9322 7458 5593 3729 
0.49958 1 539.04 8.98 18644 14915 11187 7458 
 
2.3 Stokes’ Law 
In laminar flow, a particle settles at a terminal velocity based on its shape, density, size, 
and fluid density. A close approximation to proppant settling can be found by applying Stokes’ 
Law to a sphere falling through a fluid. The settling velocity can be found when the upward drag 
force acting on the particle is equal to the downward force of gravity acting on the particle, 
resulting in Equation 2.2 (Landau and Lifshitz 1987). 
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𝑉𝑠 = 𝜌𝑠−𝜌𝑙18𝜇 𝑔𝐷2                                                               (2.2) 
Where Vs is the settling velocity in m/s, ρs is the density of the particle in kg/m3, ρl is the 
density of the liquid in kg/m3, µ  is the viscosity of the liquid in Poise, or kg/m·s, g is 
gravitational acceleration in m/s2, and D is the diameter of the particle in m.  
There are a few limitations to Equation 2.2 that must also be considered when calculating 
a settling rate for proppant inside a fracture. Equation 2.2 only considers a single particle moving 
through an infinite fluid under laminar flow conditions. Larger particles falling through a low 
viscosity fluid can also cause turbulence, and Stokes’ Law would not apply (Barree and Conway 
1994). For larger particles, Newton’s equation for an object falling through a fluid under 
turbulent flow is more applicable, Equation 2.3 (Barree and Conway 1994). 
𝑉𝑠 = 1.74𝐷0.5 (𝑔(𝜌𝑠−𝜌𝑙)𝜌𝑙 )0.5                                                    (2.3) 
Allen’s equation, Equation 2.4, describes settling of a spherical particle in transitional 
flow (Barree and Conway 1994). 
𝑉𝑠 = 0.20𝐷1.18(𝑔(𝜌𝑠−𝜌𝑙)𝜌𝑙 )0.72( 𝜇𝜌𝑙)0.45                                                           (2.4) 
In their vertical slot experiments, Barree and Conway concluded that Stokes’ Law only 
applies to a small percentage of sand proppant sizes (specific gravity 2.65), particles of 100 mesh 
or smaller, when settling in a fluid with a viscosity of 1.0 cp, as shown in Figure 2.1 (Barree and 





Figure 2.1: Sand settling in 1.0 cp fluid (from Barree and Conway 1994). 
Stokes’ Law, Newton’s Equation, and Allen’s Equation are all based on a single particle 
falling through an infinite fluid. None of them consider the particle-to-particle interaction that 
would certainly occur in a proppant slurry. Multiple particles flowing close to each other can 
interfere with the flow of the other particles and cause the settling rate to be lower than what 
would be calculated with Equation 2.2. Calculating particle slurry settling is done empirically 
and is beyond the scope of this study. However, there are several methods described in literature 
to approximate this particle-to-particle interaction, often referred to as hindered settling, that lead 
to different results for settling rates. One method involves calculating the effective density of the 
slurry and substituting it in place of the density of the fluid in the Stokes’ Law equation (Clark 
and Quadir 1981). Another method includes calculating the effective viscosity of the slurry, 
since adding solid particles to a liquid alters the liquid’s apparent viscosity (Clark and Quadir 
1981). An equation for calculating apparent viscosity from slurry concentration was formulated 
by Mooney in 1951, as shown in Equation 2.5 (Mooney 1951). 
ln 𝜇𝑎𝜇𝑜 = 2.5𝜑1−𝜆1𝜑                                                                     (2.5) 
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Where µo is the original fluid viscosity in kg/m·s, µa is the apparent viscosity in kg/m·s, φ 
is the volume fraction of the particles (assumed to be spherical) which is dimensionless, and λ1 is 
the crowding factor, based off of ratios of spheres of varying diameters, also dimensionless 
(Mooney 1951).  
A simplified version of Equation 2.5 appears in Clark and Quadir’s critique for particles 
of uniform diameter (Clark and Quadir 1981). 
ln 𝜇𝑎𝜇𝑜 = 𝑘𝑒𝜑1− 𝜑𝜑𝑚                                                                     (2.6) 
Where ke is a constant based on particle composition (still equal to 2.5 for sand), and φm 
is the maximum packing volume fraction of spheres of uniform diameter, which when packed in 
rhombic packing order, would equate to a value of 0.74, dimensionless. 
Daneshy (1978) derived a correlation for settling velocity of a particle under hindered 
settling that replaces fluid density with the apparent slurry density, and fluid viscosity with 
apparent slurry viscosity. A corrected version of this equation appears in Clark and Quadir’s 
critique, as shown in Equation 2.7 (Clark and Quadir 1981). 
𝑉𝑐𝑉𝑠 = 𝐶𝑙101.82(1−𝐶𝑙)                                                                  (2.7) 
Where Vc is the corrected velocity in m/s, Cl s the volume fraction of the liquid, 
dimensionless. There are several equations derived by Govier and Aziz that directly correlate 




ln 𝑉𝑐𝑉𝑠 =  −5.9𝐶𝑣                                                                   (2.8) 
𝑉𝑐𝑉𝑠 = 11+6.88𝐶𝑣                                                                    (2.9) 
Where Cv is the volume fraction of particles over the total volume, dimensionless. 
A comparison of the resulting settling velocities calculated by the various equations are 
summarized in Figure 2.2, using a 1 cp fluid, a 60 mesh particle size of 250 microns, and a sand 
density of 2650 kg/m3.  Figure 2.2 helps to illustrate that Stokes’ Law may not be the best 
method for calculating settling rates of proppant inside a fracture because the system is much 
more complex and the assumptions Stokes’ Law requires to make it valid do not apply in a 
hydraulic fracturing treatment. 
 






2.4 Experimental Studies 
Some experiments, like the ones done by Barree and Conway (1994), as well as Drylie et 
al. (2018), seem to suggest that proppant settling velocities can be seen to increase as proppant 
concentration increases, particularly in higher viscous fluids. Barree and Conway describe a 
convective flow that is caused by slurry bulk density gradients, resulting in single particle 
settling rates that are a combination of Stokes’ Law plus a density gradient that causes flow. The 
equation used to describe this settling velocity is derived from Poiseuille’s Law for viscous flow 
between parallel plates, and is given in Equation 2.10 (Barree and Conway 1994).  
𝑉𝑠 = 𝑤212𝜇𝑎 𝛿(𝜌𝑓𝑔ℎ)𝛿𝑧                                                                (2.10) 
Where w is the width of the fracture, or distance between the two plates in m, µa is the 
apparent viscosity of the slurry in kg/m·s, ρf is the slurry density in kg/m3, and h and z are 
distances to an arbitrary datum, in m.  
It is important to note that the equation is set up similar to Stokes’ Law, with the 
characteristic dimension and density gradient in the numerator and viscosity in the denominator. 
It also uses apparent viscosity, and a slurry bulk density gradient in the same way that hindered 
settling is calculated. This velocity calculation will increase with higher solids concentration, but 
so will the apparent viscosity, which will decrease the settling rate in a similar fashion shown in 
the viscosity-adjusted curve in Figure 2.2. Equation 2.10 does not contain the individual particle 
size parameter, and the only characteristic dimension is the width of the fracture, to capture the 
wall effects on the fluid flow. A larger width would essentially cause the fluid to be in free fall 
mode, and a width closer to the diameter of the individual particles would show a much slower 
viscous flow.  Barree and Conway’s figure (Figure 2.3) summarizes the variation of Stokes’ 
19 
 
settling, accounted for hindered settling, their laboratory observations, and the calculated settling 
rate using Equation 2.10 (Barree and Conway 1994). 
 
Figure 2.3: Calculated and observed settling rates in 55 cp PEG fluid (Barree and Conway 1994). 
 
Drylie et al.’s observations included a settling of proppant clumps, that may be thought of 
as one larger particle falling though the fluid, as shown in Figure 2.4, at which point, the Stoke’s 
velocity calculation would render a much higher settling velocity than it would for one individual 
particle (Drylie et al. 2018). 
 
Figure 2.4: Proppant settling in large clumps in 6 gpt HVFR (Drylie et al. 2018). 
20 
 
Barree and Conway’s observations would seem to indicate that it is more accurate to 
simply use Stokes’ Law and there is no need for hindered settling adjustments. To what extent 
these results, which were seen in highly viscosity fluids, can be translated to similar results in 
low viscosity fluids is still uncertain.  Identifying the most accurate method of calculating 
particle settling velocity is not the focus of this thesis, but is mentioned to point out what has 
been done in the past, and to note how complex this undertaking truly is, even in the most 
simplified setups. 
2.5 Bernoulli’s Principle 
One final fluid mechanics concept that is important to keep in mind when dealing with 
hydraulic fracturing is Bernoulli’s Principle. In the most general terms, Bernoulli’s Principle 
states that in fluid flow, areas of higher velocities equate to lower pressures, and lower velocities 
equate to higher pressures (Vennard and Street 1982). This is seen in the example of an air 
flowing over an airfoil. Due to the continuity of flow, the air molecules flowing over the top of 
the airfoil must travel faster than the air molecules flowing underneath. This difference in 
velocities creates a lower pressure in the region above the airfoil, and causes lift, pushing the 
airfoil towards the region of lower pressure.  
Bernoulli’s Principle can also be seen with a ping-pong ball being kept in suspension by a 
steady stream of air. The highest velocities in the air stream are at the center, which creates the 
lowest localized pressure region. The ball may wobble a bit off-center but is always pulled back 
to the center due to the localized pressure differential. In the same way, proppant particles tend to 
migrate towards the center of flow in a hydraulic fracture due to this phenomenon. Under ideal 
flow conditions, laminar and turbulent flow regimes create different velocity profiles, even 
though the average velocity (calculated from volumetric flow rate) is the same, as shown in 
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Figure 2.5 (Vennard and Street 1982). Turbulent flow profiles tend to have stunted parabolic 
shapes with steep velocity increases near the walls that quickly taper off near the average 
velocity. Laminar flow profiles have a much more characteristic parabolic shape, with a zero 
velocity at the walls and a peak velocity at the centerline that is much higher than the average 
velocity. 
 
Figure 2.5: Velocity profiles of laminar and turbulent flow regimes (Vennard and Street 1982). 
 
Due to the relatively large difference between velocities near the walls of the fracture and 
the center of the fracture, particularly under laminar flow, particles tend to migrate toward the 
center of the fracture. Barree and Conway observed this to be the case in lower concentration 
slurries, as shown in Figure 2.6 (Barree and Conway 1994).  
 




This concentration of proppant at the center of the fracture is the main concern with 
proppant transport into complex fracture networks. When the proppant is concentrated in the 
middle of the fracture, the low concentrated fluid near the walls of the fracture will be the only 
portion of the fluid that enters into the various branches in a complex frac network. The majority 
of the particles are transported further into the main fracture. Barree and Conway state that 
around a 10% solids concentration, or roughly 3 ppg, the distribution of particles begin to be 
fairly uniform across the entire width of their slot, at which point, proppant would be more 
effectively transported into a secondary fracture (Barree and Conway 1995). 
2.6 Flow Channel Experiments 
The Colorado School of Mines’ FAST Consortium has previously done work using flow 
channels that simulate a hydraulic fracture network (Alotaibi and Miskimins 2015; Sahai et al. 
2014). These experiments used regular sand and make a good baseline from which to study self-
suspending sand flow characteristics in a laboratory setting. The experiments use the lab set up 
pictured at the top in Figure 2.7.  
 
Figure 2.7: CSM flow channel simulating complex fracture network. 
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These flow channels simulate a complex fracture network, and allow for the measurement 
of proppant mass entering the various fractures. The experiments also focused on the creation of 
a sand bank, or dune, near the beginning of the slot where fluid is entering into the fracture. 
Based on the results of this literature review, and the issues and concerns raised, this 
research focuses on effective proppant transport into secondary and tertiary fractures that are 
often created in shale resources. It also focuses on determining the optimum parameters of a 
hydraulic fracturing treatment to effectively place and prop open these complex fracture 
networks and keep them open to allow for the effective flow of hydrocarbons into the main 
fracture. This was done by focusing on proppant concentrations and flow rates of five different 
proppants of various densities, and determining which proppants enter the complex slot channels 
built at the Colorado School of Mines, and finding the optimum concentration and flow rate 
needed to transport the highest percentage of the total proppant volume into the various branches 







LABORATORY EXPERIMENTAL SETUP AND PARAMETERS 
The laboratory setup up for this research is designed in a similar fashion to the previous 
proppant transport studies conducted at the Colorado School of Mines, with a few minor 
alterations. A large 200-gallon mixing tank and industrial mixer was added in order to run 
experiments with a one-batch slurry mixture, instead of a continuous closed loop system where 
water is being cycled throughout the experiment and proppant is continually being added as the 
experiment was being run. This allowed for a more accurately measured slurry mixture, with 
known quantities of proppant and clean fluid. Figure 3.1 shows the tank, mixer, and pump 
configuration. Figure 3.2 shows the connection manifold from the pump configuration to the slot 
flow tank and fracture network. 
 




Figure 3.2: Pump and slot flow tank configuration. 
The slot system consisted of a primary fracture with a height of 2 feet, extending 4 feet in 
length. The width of this fracture is 0.25 inches. Three secondary fractures were placed 
orthogonal to the main fracture in 16-inch intervals along the length of the primary fracture, on 
alternating sides of the main fracture, and extended approximately one foot. These fractures also 
had a height of two feet, and a width of 0.125 inches. Tertiary fractures were places on the ends 
of the first and third secondary fractures, orthogonal to the secondary fractures, pointing in 
opposite directions. The tertiary fractures have a height of two feet, like the other fractures, and 
extended one foot in length, and a width of 0.125 inches. A picture of the slot system is shown in 
Figure 3.3, with labels showing the primary fracture, secondary and tertiary fractures, as well as 
the direction of flow in each individual fracture, shown with red arrows. Samples gathered from 
the fracture outlets were given their respective fracture label in the data set. Samples of proppant 




Figure 3.3: Complex slot configuration with flow paths. 
The complex slot system is contained in a large rectangular tank to capture the fluid and 
proppant exiting the system. Prior to starting the experiment, the tank is filled so that the slot 
system is fully submerged in water. This allows for a more even flow in the slots and for a better 
visual for video. The mixing tank is filled with 100 gallons of tap water from the City of Golden 
and the appropriate amount of proppant for a desired proppant concentration. This slurry is 
continually mixing throughout the experimental run with an industrial mixer to keep proppant 
suspended in the slurry. The slurry is then pumped through the complex slot setup at the desired 
flow rate, which is read directly from the mass flowmeter. The flow rate is controlled manually 
using a dial on a variable frequency drive (VFD) that is connected to the pump. During pumping, 
the proppant tends to settle out in the various branches of the complex slot, and the fluid is 
27 
 
allowed to exit the slot through the ends of the fracture, as shown in Figure 3.4. Any proppant 
that is transported through the whole fracture network also exits the fractures, and tends to settle 
near the end of the fracture where it exits into the tank.  
 
Figure 3.4: Proppant settling out at the exit points of fracture network in the main tank. 
The ultra-lightweight ceramic and polymer proppants had a certain percentage of the 
material that stayed afloat in the slot flow tank after exiting the fractures that tended to skew the 
results of each sample. To mitigate this issue, isolation panels were constructed to fit inside the 
slot flow tank, and around the slot configuration to isolate the exit of each individual branch, and 
prevent the samples from mixing during the pumping process. These panels were made from a 
fine metal mesh material to in order to keep the water level constant in all compartments, and 
prevent variations in back pressures from occurring as the compartments are filled at different 
rates. This helped to prevent additional variability in flow rates. A picture of this setup, with the 




Figure 3.5: Slot flow tank with isolation panels installed. 
After pumping the test run with a given proppant concentration at a given flow rate, the 
proppant that exits each branch of the fractures is collected, dried, weighed, and sieved for 
comparison to the original sample of proppant. The five different proppants were run in varying 
combinations of proppant concentrations and flow rates in an effort to determine which proppant 
is more easily transported through the complex slot system. Proppant concentrations of 1 ppg, 2 
ppg, and 3 ppg were tested with flow rates of 2.5 gpm, 5.0 gpm, and 10 gpm at each 
concentration. All proppants were 40/70 mesh grade material, except for the polymer proppant, 
which was 30/80 mesh material. 
3.1 Scaling Considerations 
Because the complex slot system dimensions are fixed, fluid flow rate and velocity, along 
with the corresponding Reynolds’ number and flow regime that it creates are the main scaling 
factors used to scale the laboratory setup to field operations. The main goal is to create a similar 
flow regime with similar velocities of fluid flowing through the fracture. This can be done with a 
much lower laboratory flow rate without altering the velocity or flow regime of the system 
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because the hydraulic diameter of a rectangular area does not change much in a system where 
one side is much larger than the other. The details on the velocity and Reynolds’ number scaling 
factors were discussed in Section 2.1.   
One other important scaling factor that needs to be considered in this experiment is 
appropriately scaling the density of the proppant. Since the five various proppants have a wide 
range of bulk densities, simply weighing the samples to achieve the desired proppant 
concentration would result in a wide range of total volume of proppant at the same mass loading. 
As a result, a consistent volume of proppant must be used in each proppant concentration level. 
All samples were normalized to sand volumes, and equivalent proppant loadings were mixed 
based on those volumes. For example, a 1 ppg sand slurry mixture was created using 100 gallons 
of tap water, and 100 pounds of sand. 100 pounds of sand equate to roughly 7.85 gallons of dry 
sand. To achieve the same mixture with the ultra-lightweight ceramic, which has a specific 
gravity of 2.08, a scaling factor consisting of the ratio of specific gravities of ULW ceramic to 
sand multiplied by the same 100 pounds of sand would yield a dry weight of roughly 78 pounds 
of ULW ceramic. This amount also translates to roughly 7.85 gallons of dry bulk material. The 
polymer proppant, with a specific gravity of 1.08, translates to 40 lbs of dry material to fill the 
same volume. Therefore, for a certain proppant concentration, like 1 ppg, the “pound per gallon” 
term is a bit misleading, because in the examples of the polymer proppant, only 40 lbs are used 
for 100 gallons of water, even though these 40 lbs take up the same amount of volume as 100 lbs 
of sand. A more accurate term to use would be a volume fraction (cv) of solid particles over the 
total volume of the slurry. Adding 100 lbs of sand, or 78 lbs of ultra-lightweight ceramic, or 40 
lbs of polymer proppant into 100 gallons of water increased the total volume of the combined 
proppant-water slurry to 104 gallons, and resulted in a 0.038 volume fraction of solid particles 
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over total slurry volume. Adding 200 lbs of sand into 100 gallons of water (2 ppg) results in a 
volume fraction of 0.074, and a 3 ppg of sand translates into a volume fraction of  0.107. Figure 
3.6 shows 50-gram samples of the proppants run in the experiments, and the volumes they fill up 
in a graduated cylinder.  
 
Figure 3.6: 50-gram samples of various proppant in graduated cylinder, left to right: polymer 
proppant, ULW ceramic, natural sand, LW ceramic, HD ceramic. 
 
Actual dry bulk densities were not used for this type of scaling because other factors like 
roundness, sphericity, and sieve distribution, have an effect on proppant packing and ultimately, 
the value of dry bulk density itself. However, the ratios of dry bulk densities of all proppants, 
except the polymer proppant, are within 4% of the specific gravity densities. The ratio of dry 
bulk densities of the polymer proppant and sand are within 8% of the specific gravity ratios. This 
larger difference is likely due to large differences in the densities, and the nature of the polymer 
proppant, which has a nearly spherical shape. This allows it to pack less, and gives it a higher 
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porosity than the other proppants, which likely adds to the variability of the ratios. Table 3.1 
summarizes the specific gravities and dry bulk densities and their respective ratios. 


























Sand 2.65 1.53 1.00 1.00 0% 100 1.00 
Polymer 1.05 0.66 0.40 0.43 8% 40 2.52 
ULW Ceramic 2.08 1.15 0.78 0.75 4% 78 1.27 
LW Ceramic 2.71 1.57 1.02 1.03 0% 102 0.98 
HD Ceramic 3.62 2.14 1.37 1.40 2% 137 0.73 
 
3.2 Complex Slot Flow Computational Fluid Dynamics (CFD) Model 
In an effort to better understand the flow of fluid through the complex fracture network, a 
simple model of the slot network was created in a commercial CFD modeling software, Ansys 
R19.1, to run some basic flow modeling. This model did not include any particle or slurry 
configuration, and was only run with water to illustrate percentages of total flow exiting each 
branch of the network. The CFD model, as shown in Figure. 3.7, shows a basic 2-dimensional 
shape of the complex slot network, as seen from the top. The figure also shows a close up of the 
mesh configuration (lower left corner), which includes approximately 52,000 individual nodes 
for the whole slot system. This amount of nodes is sufficient to accurately model flow, as the 
width of the main fracture is 13 nodes across, and the width of the secondary and tertiary 
fractures are 7 nodes across each. This was sufficient to get convergence in the model and 
achieve low residuals values indicative of a steady state solution, without bogging down the 




Figure 3.7: CFD model of top view of complex slot configuration. 
The model was run with mostly default settings, with water as the base fluid, and steel as 
the solid wall surface. The model was run at the three different flow rates, under both laminar 
and turbulent settings. Tables 3.2 and 3.3 summarizes the results of the fluid modeling.  
Table 3.2: Laminar flow modeling results 
Mass Flow Rates (Laminar) 
gal/min 2.5 5 10 
lbm/min 20.83 41.65 83.3 
lbm/sec @ Inlet 0.347 0.694 1.388 
            
lbm/sec @ Outlet 1 0.040 11.6% 0.076 10.9% 0.134 9.7% 
lbm/sec @ Outlet 2 0.057 16.5% 0.109 15.7% 0.195 14.1% 
lbm/sec @ Outlet 3 0.020 5.6% 0.039 5.6% 0.076 5.5% 






Table 3.3: Turbulent flow modeling results 
Mass Flow Rates (Turbulent) 
gal/min 2.5 5 10 
lbm/min 20.83 41.65 83.3 
lbm/sec @ Inlet 0.347 0.694 1.388 
              
lbm/sec @ Outlet 1 0.049 14.0% 0.100 14.4% 0.201 14.4% 
lbm/sec @ Outlet 2 0.065 18.7% 0.133 19.2% 0.268 19.3% 
lbm/sec @ Outlet 3 0.023 6.6% 0.049 7.0% 0.103 7.4% 
lbm/sec @ Outlet 4 0.210 60.6% 0.412 59.4% 0.817 58.8% 
 
Figure 3.8 shows the results of the 5 GPM test under turbulent flow conditions. The 
streamlines in the CFD model looked very similar in all cases. Figures 3.9-3.11 show the 
zoomed-in areas near the entry points of the R1, L, R2 secondary fractures, respectively, to 
illustrate how much fluid enters each branch with respect to the total flow. The coloring of the 
streamlines indicates the relative velocities of the fluid in each portion of the fracture network. 
 




Figure 3.9: Close-up of velocity streamlines entering R1 fracture (outlet 1) at 5 gpm. 
 




Figure 3.11: Close-up of velocity streamlines entering R2 fracture (outlet 3), and remaining 
streamlines that would exit main fracture (outlet 4). 
 
There is very little difference in the results of the laminar and turbulent settings, however, 
the model shows that a lower flow rate distributes the flow a bit more throughout the slot flow 
network. As the flow rate increases, the percentage of fluid exiting the main fracture increases, as 
expected, since a higher flow rate increases the fluid’s momentum, and would make “turning the 
corner” for a fluid a bit harder. Under turbulent flow conditions, the chances of eddy currents 
increases at higher flow rates, which could increase the chances of flow entering the secondary 
branches of the fracture network. It is important to note that the second branch of the fracture 
network (L fracture) receives a greater percentage of the fluid even though it is further away 
from fracture network inlet. This is because this is the shortest path from inlet to an outlet, and 
the path of least resistance with only one 90° turn. Even though the fluid encounters the R1 
fracture first, the path out of the R1 fracture is further out than the path through the L fracture. 
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There is also additional tortuosity in the form of a second 90° turn that makes this path more 
resistant to flow. As expected, the R2 fracture receives the smallest percentage for total flow 
because this is the longest and most tortuous path for the fluid to follow. This modeling gives a 
good estimate of the percentage of total fluid flow coming out of each individual slot branch, and 
this can then be compared to percentage of proppant exiting the same branch to see if there is any 










LABORATORY EXPERIMENTAL RESULTS 
A total of 33 various combinations of proppant, flow rate, and concentration were run 
through the complex fracture network, as shown in Table. 4.1. 
Table 4.1: Test run matrix. 
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5.0 
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2.5 
1           
2           
3           
 
Several of the planned tests on the high-strength ceramic (HSC) proppant were not run 
after initial testing proved that this proppant was extremely difficult to transport in the water 
alone. Some of the test runs of the lighter proppants were also not conducted at the higher flow 
rates and concentrations after it was observed that these proppants transported very well under 
the lower flow rates and concentrations.  
In addition to the 33 test runs in the matrix shown in Table 4.1, two additional tests were 
performed. One test was run with a finer 100 mesh product that sieved out to be a 50/140 mesh 
grade, and another test was run with a coarser 30/50 mesh material, which was also coated with a 
material to change the surface tension of the product and create a hydrophobic coating.  
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A summary of tests and their subsequent sampling results are listed in Table 4.2. 




























1 2.71 5.0 2 2.7 4.8 1.0 0.0 0.0 NA 
2 2.08 5.0 2 37.6 7.3 5.8 0.0 0.0 NA 
3 2.65 5.0 2 5.9 3.6 0.8 0.0 11.3 NA 
4 3.62 5.0 2 0.0 0.0 0.0 0.0 NA NA 
5 2.71 5.0 1 0.0 0.0 0.0 0.0 11.4 NA 
6 2.65 5.0 1 2.2 1.9 0.4 0.0 0.0 NA 
7 2.08 5.0 1 15.2 2.0 1.6 0.0 0.0 NA 
8 1.08 5.0 1 10.1 7.8 2.0 0.4 2.2 0.4 
9 1.08 2.5 2 12.6 7.2 4.9 0.2 3.1 5.5 
10 2.08 2.5 2 39.8 7.1 7.2 0.0 17.5 NA 
11 2.71 2.5 2 18.8 6.6 3.6 0.0 23.4 NA 
12 2.65 2.5 2 34.4 3.4 4.3 0.0 27.3 NA 
13 3.62 10.0 1 0.1 0.3 0.0 0.0 11.2 NA 
14 2.71 10.0 2 41.8 7.9 6.3 0.0 18.9 NA 
15 2.71 10.0 1 9.9 3.9 1.7 0.1 13.6 NA 
16 2.65 10.0 1 13.6 4.3 2.2 0.1 NA NA 
17 2.65 10.0 2 47.4 10.7 6.9 0.3 20.5 NA 
18 2.08 10.0 1 16.4 3.8 2.2 0.0 NA NA 
19 2.08 10.0 2 46.3 8.5 4.9 0.0 NA NA 
20 2.08 10.0 3 89.3 6.5 5.1 0.1 16.2 NA 
21 2.65 10.0 3 86.9 13.5 7.8 0.7 25.4 NA 
22 2.65 2.5 1 2.6 2.4 0.7 0.0 NA NA 
23 2.08 2.5 1 6.5 5.4 1.3 0.0 15.5 NA 
24 2.71 2.5 1 0.0 0.5 0.0 0.0 16.3 NA 
25 2.71 10.0 3 70.3 14.4 7.1 0.2 28.4 NA 
26 2.65 5.0 3 75.4 15.7 9.0 0.4 29.4 NA 
27 2.71 5.0 3 56.7 18.3 6.3 0.2 30.1 NA 
28 2.65 2.5 3 59.5 15.7 7.8 0.1 31.9 NA 
29 2.08 5.0 3 76.7 5.7 5.4 0.0 22.2 NA 
30 2.71 2.5 3 59.9 9.3 4.8 0.0 NA NA 
31 1.08 10.0 1 11.5 4.4 1.1 1.0 1.6 3.6 
32 1.08 5.0 2 28.6 4.1 1.6 0.6 3.8 6.1 
33 1.08 2.5 1 10.7 1.0 0.3 0.1 5.1 2.5 
34 2.65 Hydro 5.0 1 2.9 1.9 0.9 0.0 15.1 NA 
35 2.65 100m 5.0 2 52.1 8.4 2.5 0.0 NA NA 
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4.1 Proppant Volumes Exiting Fractures 
The samples from all of the slots were taken from the material that exited their respective 
fracture slot, where they were allowed to settle in the bottom of the tank. The fracture network 
(FN) samples were collected after the fracture slot network was cleaned out by pumping fluid 
through the system at a high rate. As a result of the cleaning, the fracture network samples are a 
combination of materials that were left in all main and subsidiary fracture branches. 
Comparing the masses of the samples does not give a good “apples-to-apples” 
comparison of how much material of each type went into the fracture slots and exited since they 
vary so much in density. Determining how much volume each sample takes up is a much better 
side-by-side comparison. For this, the data from Figure 3.6, showing how much volume is taken 
up by a 50-gram sample of each of the different proppant types, was used to calculate actual dry 
bulk volumes for each proppant type. This was used to determine a volume conversion factor for 
each proppant type, as found in Table 4.3. 
Table 4.3: Dry bulk density calculations 
Dry Bulk Density Calculations 







Sand 29.0 50 1.72 263.1 
ULW Ceramic 39.0 50 1.28 353.8 
LW Ceramic 28.5 50 1.75 258.6 
HD Ceramic 22.5 50 2.22 204.1 
Polymer Prop 80.0 50 0.63 725.8 
 
The dry bulk densities vary some, up to 11%, from the published dry bulk densities from 
the previous chapter, as most manufacturers publish “typical results” rather than results from one 
particular batch. Using the conversion factors from Table 4.3, and the values from Table 4.2, the 
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amount of proppant being transported can be compared at the various concentrations and flow 
rates.  
Figures 4.1- 4.3 show the volume of proppant being transported at the lowest flow rate 
tested, 2.5 gpm, at a sand equivalent of 1 ppg, 2 ppg, and 3 ppg, or 0.038, 0.74, and 0.107 
volume fraction, respectively. 
 
Figure 4.1: Proppant transport at 2.5 gpm, volume fraction 0.038 (1 ppg sand equivalent). 
 
 




Figure 4.3: Proppant transport at 2.5 gpm, volume fraction 0.107 (3 ppg sand equivalent). 
Figures 4.4 - 4.6 show the amount of proppant being transported through the fractures 
and the respective outlets at a rate of 5 gpm, with the same concentrations, or volume fractions, 
as the three previous graphs.  
 
Figure 4.4: Proppant transport at 5 gpm, volume fraction 0.038 (1 ppg sand equivalent). Grey 





Figure 4.5: Proppant transport at 5 gpm, volume fraction 0.074 (2 ppg sand equivalent). Dark red 
line at zero mark indicates no particles of HD ceramic proppant exited the fracture slots. 
 
 
Figure 4.6: Proppant transport at 5 gpm, volume fraction 0.107 (3 ppg sand equivalent). 
The 5 gpm tests included one of the few tests runs with the high density ceramic proppant 
that did not transport well at all. This test was run at a 0.074 volume fraction, or 2 ppg sand 
equivalent proppant concentration, and none of the proppant was able to be transported out of the 
fractures (HD ceramic line shown in Figure 4.5). The 5 gpm tests also included the test run of 
43 
 
30/50 mesh sand with a hydrophobic coating at the 0.038 volume fraction concentration (1 ppg 
sand equivalent concentration). This sample was coarser than all of the other proppants, but still 
managed to be transported much like the finer 40/70 mesh sand, as shown in Figure 4.4, where 
the hydrophobic sand and regular sand lines are mostly overlapping each other. 
A 50/140 mesh (commonly referred to as 100 mesh) sample was also run at 5 gpm, at a 
0.074 volume fraction (2 ppg sand equivalent), as seen in Figure 4.5. This sample had 
significantly more transported material exiting the fractures than the 40/70 sand sample, and had 
a similar volume of proppant as the ULW ceramic proppant.  
Figures 4.7 - 4.9 show the amount of proppant transported through the fractures at 10 
gpm, at the various proppant volume fractions. 
 
Figure 4.7: Proppant transport at 10 gpm, volume fraction 0.038 (1 ppg sand equivalent). Dark 




Figure 4.8: Proppant transport at 10 gpm, volume fraction 0.074 (2 ppg sand equivalent). 
 
Figure 4.9: Proppant transport at 10 gpm, volume fraction 0.107 (3 ppg sand equivalent). 
One of the other tests with high-density ceramic proppants was conducted at the 10 gpm 
flow rate. As shown in Figure 4.7, no amount of this proppant exited any of the fractures (dark 
red line in the figure).  
Adding up the total volume of proppant from each test, and calculating the percentage of 
the total that went through each branch of the fracture network revealed that there was not a 
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significant correlation to the volume of fluid passing through each branch, as predicted in the 
CFD model. Comparing the average percentages of flow exiting the various outlets in laminar 
and turbulent flow from Tables 3.2 and 3.3 to the percentages of total proppant exiting all of the 
slots in each test revealed that the closest correlations came from the polymer proppant, shown in 
Figure 4.10. This was expected, since it has a density very close to that of water, and would flow 
out of the slots in similar ratios. However, even the polymer proppant flowed out of the main 
frac in a much higher ratio at the lowest flow rate and lowest volume fraction, which may lend 
some credence to the Bernoulli’s Principle effect discussed in Section 2.5. The particles are 
concentrated towards the centerline of flow, to the point of lowest shear, and thus be less likely 
to turn the corner into the secondary fracture slots. 
 
Figure 4.10: Comparison of CFD Volume distribution to polymer proppant distribution in 
fracture network. 
 
 4.2 Sieve Analysis of Samples 
After the testing of the proppants in the complex slot network, individual samples from 
each test were sieved to determine if there had been any changes to the sieve distribution of the 
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samples from the original injected distribution. This was done because all proppant samples have 
a certain distribution of smaller and larger particles, and based on Stokes’ Law, the settling rates 
of the smaller particles would be lower than the larger particles in the sample, and would mean 
that they ultimately get transported further into the fracture network. According to API 
standards, a 40/70 mesh proppant sample must have 90% of the sample falling in between the 
two mesh designations. This is a large range of particle sizes, as a 40 mesh particle would be 
around 420 microns in diameter, and a 70 mesh particle would be around 210 microns, or half 
the size of the larger particles in the sample, and would lead to a slower Stokes’ settling rate by a 
factor of 4. 
Sieve analyses were conducted on all proppant types to obtain a baseline sieve 
distribution, as shown in Figure 4.11. 
 
Figure 4.11: Original sieve distribution of proppant samples. 
All of the samples except the 30/50 sand, and the polymer proppant, which was 
designated as a 30/80 mesh proppant, were designated at 40/70 proppant. While the 40/70 sand 
samples and ULW ceramic proppant samples sieved out in similar distributions, the LW ceramic 
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and HD ceramic proppants had a much narrower sieve distribution, centered around the 50 mesh 
screen, where close to 90% of the material fell. The polymer proppant sieved out to be closer to a 
20/60 mesh material rather than a 30/80 mesh as designated by the manufacturer. 
4.2.1 Sieve Analysis of High Density (HD) Ceramic Proppant  
Very few samples of HD ceramic proppant (specific gravity 3.62) were collected during 
testing since the proppant did not transport well. The sample collected from the main fracture 
exit on the 10 gpm test (Figure 4.7) ended up being more than 50% composed of residual 
particles of sand and other proppant, not HD ceramic proppant, and was therefore excluded from 
the sieve analysis comparison. The only two other samples to be collected were also retrieved 
from the 10 gpm test, from the left (L) fracture, and inside the fracture network (FN). As 
expected, the samples post-testing sieved out very similar to the original sample, as shown in 
Figure 4.12.  
 
 
Figure 4.12: Sieve distribution of HD ceramic proppant before and after testing, at 1 gpm and   




4.2.2 Sieve Analysis of Low Density (LW) Ceramic Proppant 
The LW ceramic proppant (specific gravity 2.71) transported in similar volumes as sand, 
since they had very similar densities, and a lot more samples were collected from each outlet. 
However, all of the samples of LW ceramic sieved out in a very similar sieve distribution as the 
original sample, much the like HD ceramic proppant, as seen in Figure 4.13. 
 
Figure 4.13: Sieve distribution of LW ceramic proppant before and after testing at the various 
flow rates and concentrations. 
 
4.2.3 Sieve Analysis of Natural White Sand  
During the course of running the sand tests (specific gravity 2.65), two separate 40/70 
sands were used. Fortunately, both were northern white sand from the upper Midwest with 
similar roundness and sphericity, and both sieved out in a very similar manner, as shown in 
Figure 4.11. The sieve distributions of the samples after testing showed a more significant 
departure from the original sieve distribution. This turned out to be the case in almost all 
combinations of flow rates and volume fractions. Figures 4.14 - 4.21 show the various flow rates 








Figure 4.15: Sieve distribution of sand before and after testing at 2.5 gpm and Cv = 0.074. 
The sieve analysis of the sand samples taken from the 2.5 gpm, and volume fraction of 
0.107 (3 ppg sand equivalent) showed a lot less deviation from the original sieve analysis than 
the lower proppant volume fractions at the same flow rate, i.e. Figure 4.16. This would seem to 
indicate that a 0.107 proppant volume fraction is at a high enough level to facilitate adequate 
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proppant transport in this particular laboratory setup. The R2 sample was coarser than expected, 
and may have mixed with the sample exiting the main fracture slot. 
 
Figure 4.16: Sieve distribution of sand before and after testing at 2.5 gpm and Cv = 0.107. 
 




Figure 4.18: Sieve distribution of sand before and after testing at 5 gpm, and Cv = 0.074. 
 
Figure 4.19: Sieve distribution of sand before and after testing at 5 gpm and Cv = 0.107. 
As with the 2.5 gpm test runs, the 5 gpm test samples showed a significant deviation from 
the original proppant sieve distribution at the lower two concentrations, volume fraction of 0.038 
and 0.074. Like the 2.5 gpm test, the 0.107 test showed a lot less deviation from the original 
sieve distribution. This would support the idea that at a Cv of 0.107, there is enough proppant in 
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the slurry that all branches receive an adequate volume of proppant of all sizes, except the last 
branch of the network, which is shown in Figure 4.19 as the pink line. 
 
Figure 4.20: Sieve distribution of sand before and after testing at 10 gpm and Cv = 0.038. 
 
Figure 4.21: Sieve distribution of sand before and after testing at 10 gpm and Cv = 0.074. 
The sieve analysis of the 10 gpm tests at 0.038 and 0.074 particle volume fraction would 
seem to indicate that all proppant sizes were being adequately transported into the Left, R1, and 
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Main fractures, where there was much less deviation in the samples’ sieve analysis from the 
original analysis done prior to testing. This may be a function of the volumetrics, and how much 
fluid actually entered each fracture.  Fluid volume entering each fracture cannot be measured in 
the current laboratory setup without significant modifications to the system. The R2 fracture 
continued to see a greater percentage of finer mesh material because of its small portion of the 
total overall flow rate, 5.5% of the total flow according to the CFD model, which would not 
maintain enough velocity to transport heavier particles even at the higher flow rate.  
4.2.4 Sieve Analysis of Ultra-Lightweight (ULW) Ceramic Proppant 
The sieve analyses of the ULW ceramic proppant samples (specific gravity 2.08) were a 
bit of an anomaly to what was expected. With an original sieve distribution much like that of 
natural 40/70 grade frac sand, it was expected that the sieve distribution of the various samples 
post-testing would sieve out in a similar fashion to the sand results. However, that was not the 
case. The 2.5 pgm test run with a particle volume fraction of 0.074 results in samples that were 
very close to the original sample sieve analysis, as shown in Figure 4.22. 
 
Figure 4.22: Sieve distribution of ULW ceramic samples before and after testing at 2.5 gpm and 
Cv = 0.074. 
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Similar results were found after analyzing the samples from the remaining test runs on 
ULW ceramic proppant. Figures 4.23 - 4.26 shows the sieve analyses of other test runs where 
sieve analysis was done on the samples after running them through the complex fracture 
network. 
 
Figure 4.23: Sieve distribution of ULW ceramic samples before and after testing at 5 gpm and  
Cv = 0.038. 
 
 
Figure 4.24: Sieve distribution of ULW ceramic samples before and after testing at 5 gpm and  




Figure 4.25: Sieve distribution of ULW ceramic samples before and after testing at 10 gpm and 
Cv = 0.038. 
 
 
Figure 4.26: Sieve distribution of ULW ceramic samples before and after testing at 10 gpm and 
Cv = 0.074. 
 
The samples of ULW ceramic that were taken during the 10 gpm testing showed more 
deviation from the original sieve distribution, the opposite of what was expected given the results 
of the sieve analysis of the 2.5 and 5 gpm tests. In those test runs at lower fluid velocities, larger 
particles would not travel as far as the smaller particles, and settle out inside of the fracture. The 
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only way that larger particles could potentially exit the fracture branches would be if the 
branches developed enough of a dune height, as shown in Figure 4.27, where the larger particles 
are transported out of the secondary fractures by rolling along the dune, and then from gravity 
after they reach the edge of the dune.  
 
Figure 4.27: Normal duning effect of ULW ceramic proppant in secondary fractures at 2.5 gpm 
and Cv = 0.074.  
 
As the dune in the primary fracture slot grows from the inlet side, it begins transporting 
more proppant into the secondary fracture slots primarily by gravity effects, starting with the 
secondary fracture closest to the inlet, with proppant particles rolling down the dune into the 
secondary slots. Eventually the secondary slots form an equilibrium dune height as well, and 
proppant can then be transported by the fluid in the secondary fractures, as seen in  the R1 
fracture in Figure 4.27.  
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However, some of the higher flow rate tests, particularly, the 10 gpm tests, resulted in 
severe bridging occurring in the secondary and tertiary fractures. The bridging examples shown 
in Figure 4.28 could have skewed the results by not allowing the larger particles to exit the 
fracture by gravity effects. The bridging may have also been enough to change the fluid flow 
dynamics to where the secondary and tertiary fractures saw a reduced percentage of the total 
flow, reducing the velocity in those branches, and allowing only the finer particles to be 
transported out of the fractures. This would have resulted in why the sieve analyses of the 10 
gpm tests are finer than the lower flow rate tests. 
 
Figure 4.28: Various bridging effects of ULW ceramic proppant at 10 gpm flow rate. 
4.2.5 Sieve Analysis of Polymer Proppant 
In addition to collecting samples from the various outlets of the fracture network, for the 
polymer proppant tests, a sample was also taken from a portion of the polymer proppant that 
floated on top of the water surface in the tank. This proved to be a significant portion of the total 
volume of proppant recovered that exited the fracture network. As shown in Table 4.4, all but 
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one of the polymer tests resulted in proppant floating as being 13-16% of the total mass that 
exited the fracture network. 




























1.08 5.0 1 10.1 7.8 2.0 0.4 2.2 0.4 2% 
1.08 2.5 2 12.6 7.2 4.9 0.2 3.1 5.5 16% 
1.08 10.0 1 11.5 4.4 1.1 1.0 1.6 3.6 15% 
1.08 5.0 2 28.6 4.1 1.6 0.6 3.8 6.1 14% 
1.08 2.5 1 10.7 1.0 0.3 0.1 5.1 2.5 13% 
 
A 50-gram sample of the floating material was placed into a graduated cylinder and 
compared to the original sample of polymer proppant. The sample of floating polymer proppant 
had roughly 20% additional volume, and took up 97 mL, versus 80 mL of the original sample, as 
shown in Figure 4.29. This would give this particular sample of polymer proppant a dry bulk 
density of 0.52 gr/cm3, and would be about 20% less dense than the original sample. Because the 
polymer proppant is so close to the density of water, a small variation in the individual proppant 
particle densities would create an additional sorting mechanism, where particles slightly more 
dense that water would eventually settle out at the bottom, and particles slight less dense than 
water would eventually rise to the top and float. The tests run at lower flow rates with the 
polymer proppant were also one of the few tests that transported enough particles through the 





Figure 4.29: Volume comparison of 50-gram sample of polymer proppant; (left) original 
polymer proppant sample; (right) floating proppant sample recovered after testing. 
 
In addition to the samples out of the fractures, sieve analysis was done on the floating 
samples from the main frac, as well as a floating sample that came out of the fracture network 
after cleaning. As seen in Figure 4.30, the polymer proppant follows the trend that the secondary 
fractures further away from the inlet receive more fine particles than the fractures closer to the 
inlet. It is interesting to note that the floating samples, designated with a “-top” in the legend in 
Figure 4.30, are among the coarsest samples taken, even more coarse than the original sample. 
This is likely due to the manufacturing process of the polymer proppant itself, and nothing to do 




Figure 4.30: Sieve distribution of polymer proppant samples before and after testing at 2.5 gpm 
and Cv = 0.074. 
 
A sieve analysis of another polymer proppant test (5 gpm, Cv=0.038) reveals similar 
results, shown in Figure 4.31. The floating sample of polymer proppant had nearly 10% more 
material on the 40-mesh sieve than the original sample. The last fracture (R2) had over 20% less 
of the 40-mesh material than the original sample.  
 
Figure 4.31: Sieve distribution of polymer proppant samples before and after testing at 5 gpm 
and Cv = 0.038. 
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4.2.6 Sieve Analysis of 30/50 Hydrophobic Sand and Regular 100 Mesh Sand 
The last few test runs were done with a 30/50 mesh sand with a hydrophobic coating and 
a regular 100 mesh (50/140 mesh size) sand to compare and contrast any differences or 
similarities. As noted before, the hydrophobic 30/50 sand transported as well as a normal 40/70 
mesh sand under similar circumstances even though it is made for a slickwater application, and 
works better with a friction reducer in the fluid (Kostenuk and Browne 2010).  
 
Figure 4.32: Sieve distribution of hydrophobic 30/50 mesh sand before and after testing at 5 gpm 
and Cv = 0.038. 
 
The hydrophobic sand performed much like the other sand samples, except that a higher 
percentage of finer particles was retrieved from the main fracture rather than one of the branches.  
The sieve analysis of the 100 mesh samples did not show too much segregation of coarser 
and finer particles into the various fractures. There were some variations of percentages of 
material retained on the various mesh screens, as shown in Figure 4.33, but nothing to suggest a 
trend. Since 100 mesh is finer than the 40/70 mesh sand used in most of the experiments, a 




Figure 4.33: Sieve distribution of 100 mesh (50/140 mesh size) sand before and after testing at 5 
gpm and Cv = 0.074. 
 
One test of each of these different proppants is certainly not enough for an adequate 
examination of proppant transport. Future work can be expanded in the area of proppant 
transport to include 100 mesh comparisons, and well as additional testing of newer proppants out 
in the marketplace that are more exotic in nature, like the hydrophobic sand. 
4.3. Equilibrium Dune Heights 
During the test runs, videos of all tests were captured from the sides of the tank for 
evaluation of an equilibrium dune height and calculation of a proppant transport fluid velocity.  
Due to the entrance effects of the piping manifold jetting out streams of fluid instead of a 
constant flow, and the close proximity of the first fracture to the entrance, which were only 16 
inches apart, the camera was set up to record the equilibrium dune height between the R1 and R2 
fractures. This allows the proppant to form an equilibrium dune height under more steady 
conditions. A portion of the flow branches off into the R1 fracture, and would reduce the 




Figure 4.34: (Left) Top view of camera position and view. (Center) Dune-building in progress. 
(Right) Equilibrium dune height reached. 
 
Figure 4.34 shows the position of the camera, and the corresponding camera angle 
showing dune-building and equilibrium dune height. Some of the lower concentrations and flow 
rate tests did not transport enough proppant to produce an equilibrium dune height that was 
measureable. Some of the proppant samples also caused the water to become murky to a point 
where a measureable dune height could not be determined. There were also a few camera 
malfunctions on some of the tests that prevented a dune height from being measured. Table 4.5 
shows a summary of the equilibrium dune heights of the tests, their corresponding fluid 
velocities, and the resultant Reynolds numbers.  
Table 4.5 shows that at the equilibrium height, the velocity required to transport 40/70 
mesh proppant in a narrow channel, is at least 2.5 ft/sec, which would result in Reynolds 
numbers that are 2 to 3 times the minimum cutoff for fully developed turbulent flow for all 
proppants.  The one exception is the polymer proppant, which can be sufficiently transported in a 
laminar flow regime. The higher Reynolds numbers occurred at the higher proppant 
concentrations. This could be an artifact of higher concentrations of proppant changing the 
overall properties of the fluid, but could also simply be due to the fact that the edge of the 
stationary proppant bed and moving traction carpet were much harder to distinguish in the higher 
concentration test runs, and the observed equilibrium height may have some error. 
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1 2.71 5.0 0.074 22.0 5.13 16534  
2 2.08 5.0 0.074 21.0 2.85 9920  
3 2.65 5.0 0.074 NA   Camera battery died 
4 3.62 5.0 0.074 NA   Not enough proppant 
5 2.71 5.0 0.038 NA   Camera malfunction 
6 2.65 5.0 0.038 21.0 2.85 9920  
7 2.08 5.0 0.038 20.8 2.57 9019  
8 1.08 5.0 0.038 6.0 0.37 1417 Most of fracture open 
9 1.08 2.5 0.074 18.0 0.61 2255 5" opening in  middle 
10 2.08 2.5 0.074 22.3 3.21 9920  
11 2.71 2.5 0.074 22.3 3.21 9920  
12 2.65 2.5 0.074 22.3 3.21 9920  
13 3.62 10.0 0.038 NA    Not enough proppant  
14 2.71 10.0 0.074 21.3 6.42 22045  
15 2.71 10.0 0.038 20.5 4.67 16534  
16 2.65 10.0 0.038 20.0 3.95 14172  
17 2.65 10.0 0.074 20.5 4.67 16534  
18 2.08 10.0 0.038 19.0 3.02 11023  
19 2.08 10.0 0.074 20.0 3.95 14172  
20 2.08 10.0 0.107 NA    Camera battery died 
21 2.65 10.0 0.107 21.5 7.33 24801  
22 2.65 2.5 0.038 22.0 2.57 8267  
23 2.08 2.5 0.038 22.3 3.21 9920  
24 2.71 2.5 0.038 NA    Not enough proppant  
25 2.71 10.0 0.107 21.5 7.33 24801  
26 2.65 5.0 0.107 NA    Camera malfunction 
27 2.71 5.0 0.107 21.8 4.28 14172  
28 2.65 2.5 0.107 22.3 3.21 9920  
29 2.08 5.0 0.107 22.0 5.13 16534  
30 2.71 2.5 0.107 22.5 4.28 12401  
31 1.08 10.0 0.038 8.0 0.84 3200 15" opening in middle 
32 1.08 5.0 0.074 14.0 0.69 2611 9" opening 
33 1.08 2.5 0.038 15.0 0.39 1459 8" opening 
 
It should be noted that the polymer proppant never really formed an equilibrium dune 
height, even at the lower flow rates, but rather a dune on the top and as well as on the bottom 




Figure 4.35: Top and bottom dunes created by polymer proppant. 
There is somewhat of a correlation between equilibrium dune height and the other test 
parameters. When plotted on a cross plot of flow rate vs. equilibrium dune height, there is a 
slight correlation, as shown in Figure 4.36, where the higher the flow rate, the lower the dune 
height, which would be expected. 
 
Figure 4.36: Flow rate vs. equilibrium dune height (many points overlap between sand, LW 
ceramic, and ULW ceramic). 
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Plotting equilibrium dune height against proppant volume fraction, shown in Figure 4.37, 
shows a positive correlation where a higher proppant volume fraction correlates to a higher 
equilibrium dune height. A plot of equilibrium dune height against the proppant density also has 
a positive correlation, as shown in Figure 4.38, where a higher density proppant creates a higher 
equilibrium dune height. 
 
Figure 4.37: Proppant volume fraction vs. equilibrium dune height (multiple points of one color 
at a given Cv indicate multiple proppant types run, different S.G.). 
 
 
Figure 4.38: Proppant specific gravity vs. equilibrium dune height (multiple points on one S.G. 
value indicate multiple tests run with various concentrations). 
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4.4 Discussion of Experimental Results 
The laboratory setup and test procedures were designed in a way to remove as much 
uncertainty as possible when testing the various proppants, but there still remained several 
limiting factors that may have introduced some error into the experiments.  
4.4.1 Experiment Limitations and Sources of Error 
 Potential sources of error and limitations are as follows: 
 Batch mixing was used to ensure the correct amount of proppant and fluid was 
used for accurate concentrations of proppant. Although this was meant to produce 
a more precise concentration level of proppant, the mixer may not have been fast 
enough to thoroughly mix the slurry to a uniform consistency, resulting in a 
higher concentration near the inlet to the pump. This was much more visually 
evident with proppants of higher densities. 
 The pump rate had to be monitored via a flowmeter and changed manually based 
on the flowmeter readout. Although the pump ran at a constant rate (constant 
RPM) when not controlled by the VFD, the actual flow rate changed based on the 
water levels of the batch mixing tank and the fracture network tank. This created 
the need for constant manual adjustment of the pump RPMs to maintain a 
constant flow rate. For future work, a closed feedback loop circuit from the 
flowmeter to the pump could more accurately maintain a constant, 
preprogrammed flow rate. 
 Slower flow rates with heavier proppant may have clogged the inlet manifold at 
times, providing inconsistent slurry concentrations during testing. 
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 Etching on the inside panels of the fracture network may have contributed to the 
bridging effect noted earlier with the ULW ceramic and polymer proppants. 
 The pump inlet was 8 inches above the bottom of the tank, and the entire slurry 
mixture was not able to be pumped though the fracture network.  
Some of these sources of error can be engineering out of future studies, while others are 
systemic and unavoidable.  
4.4.2 Proppant Variations 
Although the main proppants used in this study were 40/70 mesh materials (30/80 mesh 
for the polymer proppant), they all had some variation in the sieve distribution, which likely 
played a role in how the different sized particles sorted out in the various fractures. While the 
ceramic and polymer proppants were nearly spherical in shape, sand had more angularity to the 
particles, which may also have played a role in how the particles were transported.  A more 
spherical proppant would more easily roll down the dune, which may have been the reason that 
the sand and ULW ceramic samples had such differences in sieve distribution and segregation in 









CONCLUSIONS AND FUTURE WORK 
 The following sections provide overall conclusions for the research discussed in this 
thesis, as well as recommendations for future work. 
5.1 Conclusions 
Based on the evidence provided in the previous chapter, it is evident that lighter proppant 
is transported better than heavier proppant. Lighter proppants, particularly the polymer proppant, 
were able to “turn the corner” easily and be transported out of the fracture network, even at lower 
flowrates. In fact, the polymer proppant was the only proppant that could be adequately 
transported under laminar flow conditions, based on equilibrium dune height measurements and 
velocity calculations. However, sieve analysis showed that the larger particles in the polymer 
proppant were actually less dense than the smaller particles, at least to a certain extent. This 
could be a concern that, although the particles are more easily transported into secondary and 
tertiary fractures, the size of the particles may lead to bridging off in those smaller fractures.   
In absolute terms, the polymer proppant transported the highest volume of particles in all 
cases, followed by ULW ceramic proppant, followed by natural sand, followed by LW ceramic. 
The 40/70 ULW ceramic transported slightly better than the 100 mesh natural sand at 5 gpm and 
0.074 volume fraction (2 ppg), where 17,938 cm3 of 40/70 ULW ceramic proppant were 
collected from the slot exits, compared to only 16,559 cm3 of 100 mesh natural sand, and only 
2,710 cm3 of 40/70 mesh natural sand. A small change in specific gravity (2.08 versus 2.65) of 
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40/70 particles lead to a significant improvement in proppant transport, a 6-fold increase in this 
case. 
The 30/50 hydrophobic sand transported slightly better than the natural 40/70 sand at 5 
gpm and 0.038 volume fraction (1 ppg). 1,484 cm3 of hydrophobic 30/50 mesh sand were 
collected from the slot exits, compared to 1,171 cm3 of natural 40/70 mesh sand. This is a 27% 
improvement in proppant transport in a proppant that would normally settle out faster due to its 
larger size. It is likely that a hydrophobic 40/70 sand would transport even better, and is worth 
investigating in future. 
Another conclusion that can be drawn from the sieve analysis of all of the 40/70 proppant 
samples is that a proppant with a broad sieve distribution lends itself to a self-sorting 
phenomenon that occurs in the fracture network. The farther away the fracture is from the fluid 
entrance, the more likely that it will receive a greater percentage of the finer particles of that 
proppant. In fact, the sand sieve distribution varied as much as 20% compared to the original 
distribution at the main and R2 slot outlets, while LW ceramic proppant, which has a specific 
gravity very similar to sand (2.71 S.G, versus 2.65 S.G for sand) showed hardly any variation 
due to its relatively tight original sieve distribution. 
The last conclusion to be made is that all of the proppant tested, except the polymer 
proppant, required a fully developed turbulent flow regime to sufficiently transport the proppant 
to where the dune stops growing in the fracture network. A minimum velocity of 2.57 ft/sec was 
calculated from the equilibrium dune height measurements, which translated to a Reynolds 
number of 8,267, or twice the value needed for fully developed turbulent flow to occur. It should 
be noted that again that these tests were run with water only, which has a viscosity of 1 cp. 
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Incorporating any viscosifiers like guar or friction reducers would reduce the Reynolds numbers, 
but it would also reduce Stokes’ settling velocity.  
5.2 Future Work 
 There are several paths to go down following the conclusion of this research project. 
There are several dozen samples collected from the tests that were not sieved for analysis. 
Finishing those analyses could bolster some of the trends already mentioned. In addition, there 
are several other areas to consider studying: 
 Study the effects of fluid density in the same way that proppant density was studied 
during this work. 
 Study the effects of fluid viscosity, how it relates to Reynolds number and changing 
the flow regime from turbulent to laminar, and settling rates of particles, and where 
viscosity has the greatest impact in proppant transport. 
 The manufacturer of the polymer proppant advertises their product as a proppant 
transport enhancer, to be used in a mixture with other proppants to aid in their 
transport. Future studies could look at various ratios of polymer proppant and regular 
sand and see if there is an optimal ratio to transport sand further into the fractures. 
 Additional testing on hydrophobic sand in a slickwater fluid system for which it was 
designed. 
 Additional testing on 100 mesh proppant at lower concentrations and lower flowrates. 
 Sphericity of the particle may have played a role in how easily a particle is 
transported via gravity effects. A study into a proppant’s angle of repose may lead to 
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